We have reported earlier that the addition of doublestranded RNA to an extract from mouse Ehrlich ascites tumor cells which have been treated with a partially purified mouse interferon preparation promotes the phosphorylation of at least two proteins.
We report now the partial purification of a double-stranded RNAactivated protein kinase system from interferontreated cells. An identically purified fraction from control cells is apparently free of the double-stranded RNA-activated protein kinase activity. The system is purified from the high salt wash of ribosomes from interferon-treated Ehrlich ascites tumor cells by fractional precipitation with ammonium sulfate and chromatography on DEAE-cellulose and phosphocellulose. It is assayed by following the double-stranded RNAdependent phosphorylation of histone Hl from Drosophila. The partially purified system is essentially free of double-stranded RNA-independent histone Hl kinase activity, and of (phosphorylated) histone Hl phosphatase activity. Half-maximal activation of the system is obtained at a double-stranded reovirus RNA concentration of 25 rig/ml. In activating the system poly(1) l poly(C) can substitute for double-stranded reovirus RNA but poly(I), poly(C), poly(dI)=poly(C), poly(I)*poly(dC), and poly(d1) l poly(dC) cannot. CAMP and cGMP do not substitute for double-stranded RNA in activating the system. A study of the kinetics of histone phosphorylation by the partially purified system indicates the existence of at least two phases in the process. The activation requires both double-stranded RNA and ATP but no histone.
Thereafter the doublestranded RNA can be degraded (by ribonuclease III treatment) without impairing the histone Hl phosphorylating activity.
Interferons are glycoproteins which are synthesized in various animal cells upon infection by any of a large variety of viruses or treatment with interferon inducers, e.g. ds'RNA (1). The interferons are excreted from the producing cells, become bound to other cells and convert these into the "antiviral state." In cells in this state the replication of a broad * These studies were supported by Hesearch Grant AI-12320 range of viruses is impaired (2). We have been investigating the molecular basis of this impairment using in our studies mainly mouse Ehrlich ascites tumor cells and reovirus, a virus with a segmented dsRNA genome (3-8, see also Refs. 9 and 10).
Extracts from interferon-treated Ehrlich ascites tumor cells differ in various characteristics from extracts from control cells (4, 5, 8, 11, 12 , see also Refs. 13 to 18). Thus, for example, extracts from interferon-treated cells contain an endoribonuclease activity (designated as endonuclease, NT) which is latent unless activated by the addition of dsRNA and ATP. There is much less endonucleaserNr activity in extracts from control cells (19) (20) (21) .
The need for dsRNA and ATP in endonucleaseINT activation and the reports that the inhibition of peptide chain initiation in rabbit reticulocyte lysates by dsRNA involves protein phosphorylation (22) The amount of protein in PC-II was about l/3000 of that in the crude extract from which it was purified. Furthermore as revealed by the radioautographs in Fig. 1 , the fractions discarded in the course of purification contained little detectable dsRNA-dependent protein kinase activity (see Slots 1,2, 5, 6, 9, 10, 13 to 16). However, our data do not allow an accurate calculation of the specific activity of the protein kinase or its degree of enrichment in the course of purification. This is because (a) the extract has a strong protein phosphatase activity and (b) the rate of histone Hl phosphorylation by the dsRNA-dependent protein kinase is not linearly proportional to protein concentration in either the crude extract or the PC-II fraction (see Fig. 3A ). In spite of these problems, we made an attempt to estimate at least an apparent degree of enrichment of the enzyme activity in the course of purification.
For this purpose we incubated various concentrations of the crude extract, or the ribosomal wash fraction or PC-II with dsRNA and ["2P]ATP for 5 min to activate the kinase system (see the section on dsRNA-promoted histone Hl phosphorylation by PC-II: two phases of the process). Thereafter we supplemented the reaction mixtures with histone Hl and incubated them further taking samples every minute. Since many proteins were phosphorylated in the crude extract and the ribosomal wash fraction, the phosphorylated histone Hl was reisolated after the incubation by perchloric acid extraction and trichloroacetic acid precipitation (27)) before measuring the amount of 32P incorporation.
The to PC-II. Thus the overall degree of enrichment of the kinase system appears to be about lOOO-fold from crude extract to PC-II fraction. The PC-II fraction can transfer about 4000 pmol of phosphate to histone Hl per mg of enzyme protein per min.
The following characteristics of the PC-II fraction make it useful for studies on the biochemical function(s) of the dsRNA-activated protein kinase activity. The PC-II fraction is essentially free of dsRNA-independent histone Hl kinase activity (Fig. 1, Slots 21 and 22) . Its endogenous protein phosphorylating activity is low even if supplemented with dsRNA ( Fig. 1, Slots 19 Filter Paper Assay for &RNA-dependent Histone HI Kinase in PC-II The absence from PC-II of much endogenous protein phosphorylating activity and much dsRNA-independent histone Hl kinase activity allow the use of a simple filter paper assay (Fig. 2) . To decrease the "P incorporation due to dsRNAindependent and -dependent endogenous protein phosphoryl- As noted earlier, an extract from control cells is essentially free of dsRNA-dependent histone Hl kinase activity. To test if this lack of activity is due to the presence of inhibitors which might be separated from the enzyme system in the course of purification we fractionated the extract from control cells in the same way as the extract from interferon-treated cells. The fractions from an extract from control cells which correspond to active fractions if purified from an extract from interferon-treated cells (i.e. ribosomal wash, ammonium sulfate II, DEAE-I, and PC-II) were tested for dsRNA-dependent histone Hl kinase activity with negative results (not shown). Fraction PC-II from control cells does not impair the phosphorylation of histone Hl by PC-II from interferon-treated cells if the fractions are mixed in a 1:l ratio (not shown).
Characteristics of PC-II
The curves in Fig. 3A indicate that the initial rate of histone Hl phosphorylation by PC-II in the presence of dsRNA is not a linear function of the PC-II concentration.
In the low protein concentration range a 2-fold increase in enzyme concentration results in a close to 4-fold increase in initial rate. The halfmaximal initial rate of phosphorylation is obtained at a dsreo-RNA concentration of about 25 rig/ml (Fig. 3B) . The optimal histone Hl concentration is about 100 pg/ml. At higher histone Hl concentration there is pronounced inhibition (Fig. 3C) . Remarkably, the rate of the reaction is the highest in the absence of KC1 (Fig. 30) . (However, we routinely supplemented all reaction mixtures with 120 mM KC1 to keep the conditions closer to those required for cell-free protein synthesis.) The reaction is apparently dependent on the presence of Mg2+ and the optimal Mg'+ concentration is about 5 mM (Fig. 3E) . The rate of the reaction is higher at pH 7.5 than at either pH 6.5 or 8.5 (not shown). Both serine and threonine residues are phosphorylated in histone Hl upon incubation with PC-II, dsRNA, and ATP (not shown).
Single-stranded RNA, DNA-RNA Hybrids, or dsDNA Do Not Substitute for dsRNA in Promoting Histone Hl Phosphorylation by PC-II Histone Hl phosphorylation by PC-II is promoted by either dsRNA from reovirus or the synthetic dsRNA poly(I).poly(C).
However, at least if tested at a concentration of 1 pg/ml the single-stranded components of poly(1). poly(C), i.e. poly(1) and poly(C), the synthetic DNA-RNA hybrids poly(1) .poly (dC) and poly(dI).poly(C), and finally the synthetic dsDNA poly(dI).poly (dC) do not promote histone Hl phosphorylation by PC-II (not shown). At the same concentration, poly(1) .poly(C) promoted histone Hl phosphorylation maximally.
Effects of GTP, CAMP, and cGMP on HI Phosphorylation by PC-II GTP can serve as a y-phosphate donor for protein phosphorylation by some kinases (30, 31) . It is unlikely, however, that GTP should be an efficient phosphate donor for PC-II. This is the case since Hl histone phosphorylation by [y-"2P]ATP as catalyzed by PC-II is not affected by unlabeled GTP added at a concentration (lo-" M) 10 times higher than that of ATP (not shown).
Histone Hl phosphorylation by PC-II in the presence or absence of dsRNA is not affected by CAMP at low concentrations (lo-", lo-', and 10m7 M). The phosphorylation is inhibited, however, by CAMP at higher concentrations (lo-", lo-", and lo-* M). 10m4 M cGMP does not affect the process (not shown).
dsRNA-promoted
Histone HI Phosphorylation by PC-II: Two Phases of Process
In the experiments on histone Hl phosphorylation by PC-II presented so far all components of the reaction mixture (except histone Hl) were preincubated for 5 min before adding histone Hl. This results in a constant rate of phosphorylation from the time of addition of histone Hl (Fig. 4) . If the reaction mixture is not preincubated before histone Hl addition the rate is much lower initially. It keeps increasing then for at least 10 min without reaching, however, the rate in a reaction mixture which has been preincubated for 5 min before adding histone Hl (Fig. 4) . This indicates that histone Hl may impair the process of activation of PC-II. The same pattern (i.e. a low initial velocity increasing for at least 10 min) is obtained if the reaction mixture is preincubated before the addition of histone Hl, but if either dsRNA or ATP is omitted from the preincubation mixture and is added only together with histone Hl (not shown).
These results indicate that the process of dsRNA-promoted histone Hl phosphorylation can be divided into at least two phases. In the first phase dsRNA and ATP are required for the activation of PC-II. In this phase histone Hl is not required. In the second phase, added histone Hl is phosphorylated at a constant velocity.
Histone HI Phosphorylation by Preactiuated PC-II Is Not Affected by Degradation of dsRNA by Added RNase III dsRNA which has been degraded by incubation for 15 min with RNase III (an enzyme cleaving dsRNA into short fragments) (32) does not activate PC-II (Table I) . PC-II is activated, however, if it is incubated fist with dsRNA and ATP for 5 min, and subsequently after the reaction mixture has been supplemented with RNase III, is incubated for a further 15 min. The rate of histone Hl phosphorylation in such a reaction mixture is about the same as in one which had never been supplemented with RNase III. bated simultaneously with added ATP, dsRNA, and RNase III for 5 min, PC-II is activated to less than 15% of that in a reaction mixture with no RNase III verifies that RNase III can cleave dsRNA in such a reaction mixture.
DISCUSSION
The protein kinases reported in the past can be divided into three classes according to the effect of cyclic nucleotides on their action: 1) CAMP-dependent protein kinases, 2) cGMPdependent protein kinases, and 3) protein kinases apparently independent of cyclic nucleotides and not known to depend on other mono-, oligo-, or polynucleotides (33-36). The protein phosphorylating system described in this communication belongs to a new class; its action depends on dsRNA.
The phosphorylating system was purified from Ehrlich ascites tumor cells which had been treated with an interferon preparation with a specific activity of 2 X lo7 units/mg of protein. However, the same dsRNA-dependent protein phosphorylating activity (phosphorylating histone Hl and protein bands P1 and Pz) was also present in an extract prepared from cells treated with a highly purified interferon preparation (specific activity 1.6 x 10' units/mg of protein). This interferon preparation gives a single major broad protein band on electrophoresis on polyacrylamide gels in the presence of sodium dodecyl sulfate. This band co-migrates with the interferon activity (26) . As little as 0.5 pg of this interferon preparation was used to treat 1 liter of the cell culture, i.e. the concentration of the interferon was about 1.6 x lo-" M. These observations make it probable that the appearance of the protein kinase system in the extract is elicited by interferon itself and not by a contaminant in the interferon.preparation. The activity of the partially purified protein phosphorylating system is strictly dependent on added dsRNA. Natural dsRNA (from reovirus) and a synthetic ds pair of complementary homopolyribonucleotides (poly(1). poly(C)) are similarly effective in activating the system. However, single-stranded RNA, DNA-RNA hybrids, or dsDNA do not substitute for dsRNA. dsRNA cleaved to short segments by treatment with RNase-III is similarly inactive.
The system has little endogenous substrate for the dsRNAactivated protein kinase. It has to be supplemented for the assay with an exogenous substrate such as Drosophila histone
Hl.
A study of the kinetics of histone Hl phosphorylation by the system indicates that together with dsRNA, ATP is also needed for activation. CAMP and cGMP do not seem to affect the system. Thus it is unlikely that the activation by dsRNA is mediated by these cyclic nucleotides.
dsRNA enhances histone Hl phosphorylation by the partially purified system by increasing the protein kinase activity rather than by decreasing the protein phosphatase activity.
This was established by (a) incubating histone Hl in the partially purified system with [T-~~P]ATP and dsRNA, (b) isolating the 32P-labeled histone Hl obtained, and (c) incubating aliquots of it in the partially purified system with unlabeled ATP and with or without dsRNA. There was no detectable release of %'I' from the phosphorylated histone Hl under these conditions (not shown). It should be noted that 32P-labeled phosphorylated histone Hl is dephosphorylated rapidly upon incubation in crude extracts from interferontreated or control Ehrlich ascites tumor cells and that the rate of dephosphorylation in these is similar in the presence or absence of dsRNA (not shown).
dsRNA-dependent protein phosphorylating systems similar to that in an extract of interferon-treated mouse Ehrlich ascites tumor cells were found in: (a) extracts of interferontreated mouse L929 cells (24, 25) , (b) extracts of interferontreated Cloudman mouse melanoma cells,2 (c) extracts from interferon-treated mouse 3T6 cells and extracts from mouse 3T6 cells which produce small amounts of interferon constitutively:
(d) extracts of interferon-treated cells of HeLa S3, a human line (12) , and (e) lysates of rabbit reticulocytes (not treated with interferon) (22) . The functioning of the dsRNA-dependent histone Hl phosphorylating system which has been partially purified from Ehrlich ascites tumor cells can apparently be divided into (at least) two phases: dsRNA, ATP but no exogenous substrate Chcrnoff' f'or h(alp with t hc purif'ic~ation of the enzyme' system.
